traits similar to other genera, including Rhizobium. In addition, the Bradyrhizobium strains showed a distinct phylogenetic position from currently described species. Further polyphasic analysis confirmed the presence of a novel species, and B. neotropicale was described . Although this new species belongs to sub-clade II within the Bradyrhizobium genus according to 16S rRNA gene sequencing, housekeeping genes (dnaK, glnII, recA, and rpoB) sequences confirmed that it is affiliated to sub-clade I .
Continued polyphasic analysis of the Bradyrhizobium strains previously isolated from Centrolobium paraense revealed two new groups with distinct phylogenetic positions from the currently described species . In this study, 13 strains were investigated in detail using gene sequence analysis (16S rRNA, dnaK, glnII, recA, rpoB, nodC, and nifH) and Average Nucleotide Identity (ANI). Furthermore, phenotypic and biochemical characterization was performed with the analysis of fatty acid profile, antibiotic susceptibility, temperature range to growth, NaCl tolerance, carbon source utilization, enzymatic activity, cell motility, and the ability to nodulate different legume species.
Materials and methods

Strains, morphology, and phenotypic characterization
Strains (BR 10245 T , BR 10290, BR 10351, BR 10346, BR 10303 T , BR 10362, BR 10365, BR 10355, BR 10363, BR 10356, BR 10358, BR 10348, and BR 10359) were cultured on YMA medium at 28 °C, lyophilized and maintained at −80 °C for long-term storage. All strains originally isolated by Baraúna et al. (2014) T and BR 10348 were used. These strains were grown on YMA medium for 7 days at different temperatures (15, 20, 25, 28, 32, 36, and 38 °C) , different NaCl concentrations (0.1, 0.3, 0.5, 1.0, 1.5, 2.0, and 2.5% w/v) and varying pH (4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, and 11.0) . Antibiotic susceptibility was evaluated using the Antibiotic Sensidisc Dispenser System (Oxoid) with bio-discs (Oxoid) containing (µg/per disc) ampicillin (10 and 25), erythromycin (30) gentamicin (10), tetracycline (30), rifampicin (5 and 30), streptomycin (10 and 25), chloramphenicol (30 and 50), and kanamycin (30). Oxidase activity was evaluated using the Bactidrop ™ Oxidase (N, N, N, reagent. This test consists of touching a colony with a sterile paper moistened with one or two drops of the reagent. The interpretation of the test is based on a color change. Catalase activity was determined by flooding a colony with 10% (v/v) H 2 O 2 and observing the presence of bubbles. Cell motility and morphology of strains BR 10245 T and BR 10303 T were observed using a light microscopy and scanning electron microscopy (Philips CM100 BioTwin; Philips XL 20).
Phylogenetic analyses
For PCR, genomic DNA was extracted using the Promega genomic DNA purification kit (cat. A1120), according to the manufacturer's instructions. BOX-A1R PCR analysis was performed as described by Versalovic et al. (1994) , and the tree was constructed using the Bionumerics 7.6 software package (Applied Maths) with the Jaccard similarity coefficients and the UPGMA algorithm.
Nearly, full length 16S rRNA gene sequences (1228 bp) were obtained for all strains using the primers and conditions described previously (Radl et al. 2014) . Alignment editing and phylogenetic analyses were performed using the MEGA 7.0 software package (Kumar et al. 2016) . Phylogenetic trees were reconstructed using the maximumlikelihood (ML) (Felsenstein 1981) and neighbour-joining (NJ) (Saitou and Nei 1987) methods using the Jukes-Cantor (JC) model (Jukes and Cantor 1969) . The strength of each topology was verified through 1000 bootstrap replications. Our strains were compared with type strains retrieved from NCBI (http://www.ncbi.nlm.nih.gov) (Table S1), and as both reconstruction methods showed similar phylogenetic tree topologies, the interpretation of the phylogenetic results were made by maximum-likelihood.
To clarify the 16S rRNA results, we performed a MLSA, using housekeeping genes that have previously been used for delimitation of Bradyrhizobium species Menna et al. 2009 ). We obtained sequences and performed analyses for dnaK (320nt), glnII (480nt), recA (377nt), and rpoB (459nt) genes following previous reports (Vinuesa et al. 2005; Martens et al. 2008; Rivas et al. 2009; Menna et al. 2009 ). Congruence among the genes was checked comparing the topology of each tree individually. As the topology of the trees from the dnaK, glnII, recA, and rpoB genes were similar, we considered that these genes were congruent. Then, we performed the concatenation using Seaview v. 4.0 (Gouy et al. 2010) .
Average nucleotide identity (ANI) and DNA G + C content
An Average Nucleotide Identity was calculated to determine the degree of divergence of the genomes of our strains from available genomes of the closest neighbours (Table S3) T and PAC 48 T were extracted using the MIDI protocol (http://www.microbialid.com/ PDF/TechNote_101.pdf). The strains were grown for 4-5 days at 28 °C on YMA medium before extraction. The profiles were generated using Agilent model 6850 chromatograph and identified using the TSBA database version 6.10 (Microbial Identification System; MIDI).
Symbiosis genes evaluation and cross-inoculation test
For effective symbiosis with legumes, the nod and nif genes, responsible for nodulation and nitrogen fixation, respectively, are required. We amplified and sequenced the nodC and nifH genes according to Sarita et al. (2005) and Poly et al. (2001) . The phylogenetic trees were conducted as previously described.
To confirm the symbiotic abilities of the investigated strains, a cross-inoculation trial with different legumes was performed using the two proposed-type strains BR 10245 T and BR 10303 T , together with strains BR 10290 and BR 10348, from their respective groups (Table S6 ). All treatments, and un-inoculated control, were replicated four times in a complete random design. Nodulation was evaluated 35 days after inoculation, and the bacteria were isolated from at least five nodules from each nodulated plant to confirm the ability of the strains to induce nodulation.
The identity of the isolates was checked using BOX-A1R PCR in comparison with original inoculated strains.
Results and discussion
BOX-AIR PCR phylogeny, phenotypic, and morphological characterization
The tree generated with BOX image showed that our 13 strains were placed in two main groups, and into each groups, the strains presented high dissimilarity (Supplementary Fig. S1 (Fig. S1 ). For both groups, the cells are gram-negative rods, aerobic, and motile with polar flagella. The main phenotypic characteristics of the novel strains are presented in Table 1 and the details of carbon source utilization in Supplementary Table S4 . For both group of strains, enzymatic reactions were positive for catalase, oxidase, urease, and hydrolysis of esculin, but negative for tryptophan deaminase, glucose fermentation, and β-galactosidase. Novel strains BR 10245 T and BR 10290 (group I) showed negative results for glucose fermentation in contrast to a positive result for one of the closest strains, B. neotropicale BR 10247 T . The strains BR 10303 T and BR 10348 (group II) were similar to the species B. elkanii USDA 76
T but different from B. pachyrhizi PAC 48
T in the reactions of arginine dihydrolase. The two novel proposed-type strains responded differently to the reduction of nitrate to nitrite, but similar to their respective closest species (Table 1) . The strains grew between 20 and 36 °C, in pH 5.0-11.0 and from 0 to 0.5% (w/v) NaCl concentration. All novel strains were resistant to ampicillin, chloramphenicol, erytromicin, tetracycline, and rifampicin at the lowest level tested. However, group I did not show any difference in antibiotic sensitivity in comparison with the closest type strain B. neotropicale BR 10247 T (Table 2) . On the other hand, the strains BR 10303 T and BR 10348 differed from B. elkani USDA 76
T and B. pachyrhizi PAC 48 T as they were inhibited by gentamicin (10 µg) and streptomycin (10 and 25 µg) ( Table 1) .
Phylogeny of 16S rRNA and housekeeping genes
The phylogenetic analysis of 16S rRNA showed that our strains were clustered into two different groups within subclade II of Bradyrhizobium, sharing about 98% similarity. between closely related species, such the case of the species into the genus Bradyrhizobium (Peix et al. 2015) . For this reason, multilocus sequence analysis based on housekeeping genes is being used, because they are not only highly conserved, but also provide more detailed information regarding phylogenetic relationships (Martens et al. 2008; Helene 2015) . In general, the individual housekeeping tree gave similar results as observed for 16S rRNA, i.e., the closest type strain of our called group I was in general BR 10247 T B. neotropicale and for the group II were the type strains of USDA 76 T B. elkanii and PAC48 T B. pachyrhizi (Table S2 ), but ever with similarities around 97% or less. These results were further confirmed through the concatenation analysis based on the genes dnaK, glnII, recA, and rpoB (Fig. 2) .
ANI and DNA G + C content
The ANI approach has recently been accepted as an alternative to the traditional DNA: DNA hybridization method (Delamuta et al. 2016; Baraúna et al. 2016) and similarity values >95-96% are considered as the threshold to determine if two bacterial strains belong to the same species (Richter and Rosselló-Mora 2009 T and the closest type strains were lower than 88% (Table 2 ). These results confirmed that our strains belong to new species in the genus Bradyrhizobium.
The DNA G + C content estimated through the software JSpecies of strain BR 10245 T was 62.5 mol% and BR 10303 T was 62.4 mol%, both of which are within the range for Bradyrhizobium (Kuykendall et al. 1992; Ramírez-Bahena et al. 2009; Zilli et al. 2014 ).
Chemotaxonomic analyses
The predominant cellular fatty acid detected was C 16:0 and summed feature 8 (18:1ω6c/18:1ω7c), which is a common characteristic in Bradyrhizobium genus (Tighe et al. 2000) . The main difference between group I and its closest type strain BR 10247 T was a higher amount of C 16:0 (Table S5) . For group II, the main differences to USDA 76 T were the amount of C 19:0 cyclo w8c and to PAC 48 T were the amount of C 18:1 ω6c/C 18:1 ω7c (Table S5) .
Symbiosis genes analyses and cross-inoculation test
The analysis showed that the nodC phylogeny was different to the 16S rRNA and MLSA phylogenies (Fig. 3) . Strain BR 10290 (group I) showed high nodC similarity with B. pachyrhizi PAC48 T , which is the closest type strain for group II based on 16S rRNA and MLSA. The other strains (BR 10245 T , BR 10346, and BR 10351) formed a wellseparated clade. Also intriguingly, the nine strains from group II were placed closest to B. neotropicale BR 10247 T which is the closest type strains to group I based on 16S rRNA and MLSA; however, eight strains formed a subclade with high bootstrap support (100%, Fig. 3) . In relation to nifH gene, the strains from group I showed 100% similarity Table S1 between them and they were placed closest to as B. neotropicale BR 10247
T with the similarity value less than 97% and high bootstrap support (99%). Similarly, group II formed an isolated cluster and only strain BR 10355 had a different nifH gene sequence. The closest type strain was B. erythrophlei CCBAU 53325 T , but with low gene similarity (Fig. S2) .
The cross-inoculation test showed that the type strains BR 10245
T and BR 10290 (group I) were able to induce effective nodules on Arachis hypogaea, Cajanus cajan, Calopogonium mucunoides, Canavalia brasiliensis, Centrolobium paraense, Crotalaria juncea, Pueraria phaseoloides, and V. unguiculata (Table S6) . Stylosanthes guianensis was only nodulated by BR 10245 T , and Glycine max and Lupinus albus were only nodulated by BR 10290. In Table S1 addition, these two strains induced ineffective nodules on 
Description of Bradyrhizobium macuxiense sp. nov
Bradyrhizobium macuxiense (ma.cu.xi.en'se. N. L. neu. adj. macuxiense belongs to Macuxi, an indigenous ethnicity living in the borderlands of northern Brazil, southern Guyana and in the eastern part of Venezuela).
Cells are motile with polar flagella, Gram-negative rods (approximately 2.1 × 0.5 µm), aerobic, non-spore-forming.
Colonies on YMA medium are circular and translucent with a diameter of 3-4 mm within 4-5 days of incubation at 28 °C. The pH range for growth on YMA is 5.0-11.0, with optimum growth at pH 6.0-7.0. Growth occurs between 20 and 36 °C, with optimum growth at 28-30 °C. It does not grow in concentrations of NaCl higher than 0.5% (w/v). Positive reactions were recorded for carbohydrates adonitol, l-arabinose, d-arabitol, i-Erythriyol, d-fructose, l-fucose, d-galactose, α-d-glucose, d-mannitol, d-mannose, l-rhamnose, d-sorbitol, and xylitol. Catalase, oxidase, urease, hydrolysis of esculin and nitrate reduction are also positive, but tryptophan deaminase, glucose fermentation, and β-galactosidase are negative. The predominant cellular fatty acids detected were C 16:0 and summed feature 8 (C 18:1 ω6c/C 18:1 ω7c). The DNA G + C content of the type strain BR 10303 T is 62.5 mol%. The type strain BR 10303 T (=HAMBI 3602 T ) was isolated from nodules of Centrolobium paraense grown in soil of Amazonia.
